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LOW-FIRING TEMPERATURE METHOD 
FOR PRODUCING AL^Og BODIES HAVING 
ENHANCED CHEMICAL RESISTANCE 

REFERENCE TO RELATED APPLICATION 

The present application is a continuation-in-part utility patent application of 
United States patent application Serial No. 09/795,886, filed February 28, 2001 
which in turn is based upon Provisional application Serial No. 60/188,506, filed 
March 10, 2000. 



TECHNICAL FIELD OF THE INVENTION 

The present invention relates generally to a method for forming high- 
alimiina bodies, and, more particularly, to a method for sintering high alumina 
bodies having superior properties and at reduced temperatures. 

BACKGROUND OF THE INVENTION 

Alumina (also known as AI2O3 or corundum) is a useful and ubiquitous 
ceramic material. Alumina is a very hard crystalline material. It has a 
structure that may be described as a hexagonal close-pack array of oxygen atoms 



with metal atoms in two-thirds of the octahedrally coordinated interstices. Each 
metal atom is thus coordinated by six oxygen atoms, each of which has four 
metal neighbors (6:4 coordination). Alumina products include abrasives, 
insulators, structural members, refractory bricks, electronic substrates, and 
tools. Alumina is stable, hard, lightweight, and wear resistant, making it 
attractive for such applications as seal rings, air bearings, electrical insulators, 
valves, thread guides, and the like, as well as the ceramic reinforcing component 
in metal matrix composites. 

Alumina is produced on an industrial scale using the Bayer Process to 
separate ferric oxide, silica and alxmainum oxides. Bauxite ore is ground finely 
then treated with sodiimi hydroxide (NaOH) in an iron autoclave at an elevated 
temperature. The almnina dissolves as sodium alimiinate via the equation: 



AlA + 2NaOH ^ 2NaA102 + H^O 



The sihca dissolves to form sodium silicate but the ferric oxide, being insoluble, 
is filtered off. Carbon dioxide is then passed through the solution, decomposing 
the sodiimi aluminate (NaAlOg) to form aluminxmi hydroxide and sodixmi 
carbonate: 



2NaA102 + CO2 Na^COg + 4.2Al(OH)3 



The aluminum hydroxide is separated by filtration and calcined at 1000 °C or 
higher, when it loses its water of constitution, jdelding alumina: 

2Al(OH)3 ->A1A +3H,0 

Pure crystalline alumina is a very inert substance and resists most 
aqueous acids and alkalis. It is more practical to use either alkaline (NaOH) or 
acidic (KHSO^, KHF^, etc) melts. Concentrated boiling sulfuric acid also can be 
used as an etchant. 

In order to produce useful bodies, alumina must be densified or sintered. 
Sintering is the process in which a compact of a crystalline powder is heat 
treated to form a single coherent solid. The driving force for sintering is the 
reduction in the free surface energy of the system. This is accomplished by a 
combination of two processes, the conversion of small particles into fewer larger 
ones (particle and grain growth) and coarsening, or the replacement of the 
gas \ solid interface by a lower energy solid \ solid interface (densification). This 
process is modeled in three stages: 

• Initial - the individual particles are bonded together by the growth 
of necks between the particles and a grain boundary forms at the 
junction of the two particles. 

• Intermediate - characterized by interconnected networks of 
particles and pores. 
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• Final - the structtire consists of space-filling polyhedra and isolated 
pores. 

The kinetics of sintering tend to be temperature sensitive, such that an increase 
in sintering temperature generally substantially accelerates the sintering 
process. In industrial applications, while an increase in sintering temperature 
decreases sintering time and increases throughput, the economic gains therefrom 
are offset by increased fuel costs and decreased furnace life (since higher firing 
temperattxres result in more rapid degradation of both the furnace refractory 
structure and heating elements.) Therefore, an economically optimum sintering 
temperature is one that best balances gains fi-om throughput with losses fi"om 
fuel and furnace wear and tear. 

The sintering of alumina at temperatures above 1600 °C is generally 
required to achieve a high density, and alumina is commonly sintered in the 
temperature range of 1700-1800 °C, since higher temperatures promote more 
rapid sintering. Sintered alimiina bodies reflect the properties of the constituent 
alimiina crystallites or grains, such that they are hard, tough, substantially 
inert, and resistant to chemical attack (such as dissolution, corrosion and/or 
degradation from acid or alkaline agents). Mechanical and/or chemical failure of 
sintered alumina bodies usually occurs as a grain boundary phenomenon. Since 
the grain boundaries usually contain porosity and a glassy phase, a sintered 
alumina body is not as hard, tough, inert, and/or chemically resistant as a 
comparable single crystal alimiina body. 
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One increasingly important use of alumina is as a ceramic phase dispersed 
in a metal matrix to form a metal matrix composite (MMC). MMCs exhibit 
properties of both the metal matrix and the dispersed ceramic phase, such that 
they have the toughness and ductihty of the metal matrix combined with the 
compression strength and vibration dampening characteristics of the dispersed 
ceramic phase. Since MMCs are true composites, the ceramic phase is merely 
suspended in the metal matrix and not alloyed therewith. One problem with the 
production of MMCs is that the metal matrix, if heated to the point of melting, is 
generally corrosive to the ceramic phase. It therefore is generally necessary to 
either use more expensive powder metallurgical processing techniques to form 
MMCs or to very finely control the time during which the molten metal is in 
contact with the ceramic phase. Contact between the molten metal and the 
ceramic phase tends to degrade the ceramic phase, resulting in a reduction of the 
desired ceramic phase and the formation of a region of uncontrolled composition 
(such as uncontrolled alloying and/or oxide formation) around the remaining (if 
any) ceramic particles. Degradation of the ceramic phase accordingly results in 
uncontrolled degradation of the physical and chemical properties of the MMC 
material, such as a reduction of the toughness, strength and ductility of the 
MMC. This problem is especially acute if the matrix metal is aluminiim, as 
molten aluminimi is very corrosive. 

Another problem with MMCs in general and aluminum-based MMCs in 
particular arises from the difficulty in making a joint in the material without 
degrading the ceramic phase and weakening the MMC. Typical welding 



processes form a weld pool of molten metal wherein two pieces may be alloyed 
together to form a weld joint. In the case of welding an MMC, degradation of the 
ceramic phase by the molten metal in the weld pool typically produces an 
undesired contaminant in the weld pool of variable and imcontroUed 
composition. The presence of the contaminant makes welding difficult, and 
weakens and embrittles the weld joint material such that catastrophic failure of 
the part is much more likely to occur at the joint, provided it was possible to form 
a joint at all. Typical alimiinum-based MMCs exhibit degradation of the 
alumina particles when heated above about 300 degrees Fahrenheit, since solid- 
state diffusion processes begin to occ\xv between the alumina particles' grain 
boundary phases and the aluminum matrix well below the melting point of 
aluminum. While some more exotic welding techniques, such as high energy x- 
ray welding have shown promise in the joining of MMCs, they require relatively 
rare and expensive synchrotronic x-ray sources. 

There is therefore a need for a technique for decreasing the sintering 
temperatxare of alumina without sacrificing throughput (increasing the sintering 
time) or quality. There is also a need for producing sintered alumina bodies 
having bulk physical characteristics closer to those of single-crystal alumina, 
such as resistance to dissolution in aluminum metal. The present invention 
addresses these needs. 
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SUMMARY OF THE INVENTION 



One form of the present invention relates to substantially non-vitreous 
high-alumina bodies formed through a low-temperature sintering process. The 
high-alumina bodies so produced have a substantial resistance to dissolution in 
molten aluminum and are thus ideal for use as the ceramic oxide component in 
an aluminum-based metal matrix composite. The effective sintering 
temperature for a given sintering time required to achieve substantially full 
densification of the alumina particles was decreased through the addition of 
quantities of magnesia to the alumina precursor powders. The resulting 
substantially fully dense high-alumina bodies exhibited superior resistance to 
chemical attack over a broad range of pH and temperature conditions. 

One object of the present invention is to provide a method for producing 
substantially dense high-alumina bodies at lower sintering temperatures when 
sintered for comparable times. Related objects and advantages will become 
apparent from the following description. 



BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a flow chart schematically representing the processing steps of 
the present invention. 

FIG. 2 is a table illustrating some of the physical properties of high- 
alumina material made by the process of FIG. 1. 

FIG. 3 is a table presenting the results of exposure of the high-alumina 
material made by the process of FIG. 1 to various hostile chemical environments. 

FIG. 4 is a table presenting some properties of thermal spray coatings of 
the high-alumina material of FIG. 1. 

FIG. 5 is a table presenting some properties of metal matrix composites 
made from the low-fired high-alumina material of FIG. 1 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

For the purposes of promoting an understanding of the principles of the 
invention, reference will now be made to the embodiment illustrated in the 
drawings and specific language will be used to describe the same. It will 
nevertheless be understood that no limitation of the scope of the invention is 
thereby intended, such alterations and further modifications in the illustrated 
device, and such further applications of the principles of the invention as 
illustrated therein being contemplated as would normally occur to one skilled in 
the art to which the invention relates. 

Known Methods of Decreasing the Firing Temperature of Alumina 
To promote the rapid densification of Alfi^, additives such as CaO, MgO 
and TiOg, as well as titanates of baria and strontia, have frequently been used. 
The effect of these additives is sensitive to certain experimental or production 
procedures, including the fabrication history of the AI2O3 powder, the amount of 
additives (especially MgO), the sintering temperature, type and concentration of 
impurities, and so on. The effectiveness of known methods of densification is 
also a function of the purity alumina and additives. Densification generally 
increases as a function of purity. 

MgO is known in the art to act to retard grain growth or, more precisely, 
to restrict the mobility of grain boundaries. Two categories of grain boundaries 
can be distinguished: those that intersect pores and are therefore active in 
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densification (type A) and those that are entirely connected to other grain 
boundaries (type B). The existence of type B boundaries is due to 
inhomogeneties in the original powder compaction of the green body. Densely 
packed regions of the green compact undergo local densification, leading to the 
development of dense, pore-free regions upon firing in an otherwise porous 
microstructure. These dense regions will be better able to support grain growth 
because of the drag exerted by porosity is absent. 

The effect of MgO is limited to the increase in the grain boundary area. 
MgO alone has no effect on the pore surface area. The raising of the grain 
boundary area can be interpreted as being due to the inhibition of grain growth 
in the densified regions, i.e. the grains remain small. The function of the 
additive is to restrain grain growth in the densely packed regions until the less 
densely packed regions have an opportunity to densify. MgO can be thought of 
as acting as a homogenizer of the microstructure, in that MgO smoothes out the 
consequences of inhomogeneity. 

The mechanism by which MgO aids in densification has been a source of 
contention in the known art. Generally, two mechanisms have been considered: 
pore mobility and grain boundary mobility. The contention arises from 
(including but not limited to) the nature and amount of impurities, experimental 
regimen and sintering atmosphere. One possible densification mechanism is 
that MgO increases the surface diffusion kinetics and thus increases pore 
mobility. The resultant high pore mobility keeps pores on the migrating grain 
boundaries during the final stages of sintering. Other mechanisms such as 
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solute segregation at the grain boundaries and second phase pinning of grain 
boundaries may have been proven untenable, but the data may not be conclusive 
and they are being mentioned because they describe interesting sintering 
phenomenon. 

Another sintering aid known to be effective in the densification of alumina 
is TiOg. Additions of TiO^ to alumina have resulted in more rapid sintering 
relative to pure alumina. For additions of titania as the only sintering additive, 
the rate of initial sintering generally increases approximately exponentially with 
titania concentration up to a percentage beyond which the rate of sintering 
remained constant or decreased slightly. The concentration, which produces the 
maximum rate of sintering, is thought to be the solubility of TiOj in AIJD^. For 
alimiina particles larger than 2 ^im in initial stage sintering experiments with 
temperatures of 1520 °C and 1582 °C, the kinetic process was mainly grain 
boundary diffusion. For smaller particles (less than 1 jjim) in initial stage 
sintering experiments with temperatures ranging from 1150 °C to above 1400 °C, 
volume diffusion dominated. For particles with sizes between the two, sintering 
occurred by a combination of the two kinetic mechanisms. It should be noted 
that the above details are for initial stage sintering wherein a maximum density 
of about 85% was achieved. 

Fine-grained alumina bodies of about 95% theoretical density were 
achieved by sintering green alumina bodies with 2 wt. % additions of low melting 
point additives at 1400 °C. Silicate additions were used because they form a 
liquid phase during the firing cycle. Silicate fluxes were prepared using MgO 
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and CaO and in long firing regimens (15 - 17 hours) under an argon atmosphere 
with temperatures ranging from 1320 °C to 1430 °C, theoretical densities of 93 - 
96% were achieved with the MgO flux. 

Forming Dense High-Alumina Bodies 
The present invention relates to a method for producing dense bodies 
having a high-alumina content from powder alumina precursors. More 
particularly, the present invention relates to a technique for the sintering of 
high-alumina bodies at lower temperatures to form dense high-alumina bodies 
having superior physical properties, as shown schematically in FIG. 1. In 
general, the first step in the low -temperature production of high-alumina bodies 
is to blend a high-alumina green powder. The high-alumina green powder is 
blended from calcined alumina powder, with additions of about 1-10 wt. 
magnesia (or a magnesia-former standardized to about 1-10 wt. % magnesia) and 
about 1-10 wt. % titania. The magnesia addition may be conveniently achieved 
through the addition of a magnesia-former, such as MgCOg, the firing of which 
readily forms magnesia upon heating according to the relation: 
MgCOg • MgO + CO^ 
For the convenience of the reader, "magnesia" hereinbelow will be taken to 
refer to both MgO and any MgO forming material standardized to produce MgO. 
Likewise, "titania" will refer to TiO^ and any TiO^ forming material standardized 
to produce TiO^. Preferably, about 4 wt. % additive mixture is added to the 
calcined alumina powder to constitute the green precursor. Also preferably, the 
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ratio of magnesia to titania in the additive portion is about 50:50, and more 
preferably the ratio is about 42:58. The precursor powders are preferably mixed 
by wet ball milling with alumina media, although any convenient ceramic 
powder mixing technique may be chosen. Also, binder phase such as 
carboxymethylcellulose (CMC), may be added to the green powder, depending 
upon the requirements of the pressing and firing parameters necessary to 
produce the desired high-alumina body. 

The dried green powder is then sieved and formed into a green body 
having the desired shape. The green body is then baked to remove excess 
moisture and the binder phase (if any) and then fired. Preferably, the alumina 
body is fired in air to about cone 13 to achieve full sintering and densification. It 
should be noted that the cone system of measurement combines firing time and 
temperature to achieve what is essentially a measure of a system's energy state, 
i.e. the energy at which a cone of a standard size and shape configuration and 
having a specific, predetermined composition softens and deforms. A cone 
designation is therefore a specific measure of the energy put into the system 
during the firing process, and not merely a minimum measure. For example, 
cone 13 is roughly analogous to firing to about 1250 °C for about 2 hours. The 
baking and firing phases may be performed separately, or as part of one 
continuous process. 

One alternative to the firing step is passing the green particles through a 
heat source, such as a flame or laser. If the green particles are rapidly passed 
through a sufficiently intense hot zone, rapid sintering may be induced. 
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Moreover, if the green particles are passed through the hot zone under 
weightless or quasi-weightless conditions (such as aspiration), surface tension 
effects from the molten binder phase will cause the heated particles to take on a 
substantially spherical shape and/or donut-shape as they sinter. These spherical 
particles, or beads, appear optically transparent or translucent, indicating that 
they may be partially or substantially amorphous in character. In other words, 
the beads formed as discussed above may be somewhat or substantially 
completely vitreous alumina. 

Preferentially, CMC in a 3% aqueous solution is used as the binder. In 
other contemplated embodiments, other convenient organic binders may be used. 
Likewise, while the preferred concentration of CMC is 3% in aqueous solution, 
any convenient concentration of CMC capable of producing a crushable solid 
residue may be chosen. 

The purity of the green powder precursor materials are not critical to the 
present invention, although if the production of a highly pure high-alumina body 
is desired, the use of high purity green powder precursor materials may likewise 
be desirable. If the purity of the resultant high-alumina bodies is not a 
consideration, green powder precursors of any desired purity level may be 
selected. 

In the preferred embodiment, the calcined alumina precursors were 
chosen from powders having a particle size of about 1 micron or less, but 
precursor particles of any convenient size may be selected. The low-temperature 
high-alumina sintering process of the present invention is not especially 
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sensitive to precursor pgirticle size, with the size of the precursor particles 
primarily influencing slurry mixing conditions and green body pressing/forming 
parameters. However, it is generally preferable for the mean particle size of the 
additives to be about equal to or smaller than that of the calcined alumina. 

Properties of Low-Fired High-Alumina Bodies 
FIG. 2 is a table illustrating the basic physical properties of low-fired high- 
alumina material made by the above process, while FIG. 3 is a table showing the 
effects of various hostile chemical environments of the same low-fired high- 
alumina material. In addition, high-alumina bodies produced by the above 
process have a number of interesting properties, including: substantially full 
density; increased resistance to chemical attack over a very broad pH range; the 
substantial absence of a secondary glassy phase (i.e., they are non-vitreous); 
substantially uniform and linear thermal expansion; optical translucence; high- 
temperature corrosion resistance; and substantially uniform grain size. 

Of particular interest is the pH range over which the low-fired high- 
alumina material is resistant to chemical attack, as illustrated in FIG. 3. Bodies 
made of the low-fired high-alumina material have been subjected to pH 
conditions ranging from extremely alkaline (concentrated NaOH with a pH of 
about 13.5) to extremely acidic (concentrated HF, H2SO4 and hot Hg gas, an 
effective pH of about 0.3 or less) with minimal corrosive effects. The high- 
alumina bodies are even resistant to dissolution and/or corrosion from prolonged 
immersion in molten aluminum. 
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Moreover, the above process produces high-aliimina pieces having a very 
low rate of defect, allowing net shape formability through conventional green 
body forming and firing means. Further, the high-alumina pieces formed by the 
above process consistently exhibit a superior surface finish of about 8 rms. The 
savings (both in energy costs and increased furnace life), the uniform and linear 
thermal expansion, substantially uniform grain size, low defect rate, and 
superior surface finish make the formation of low-fired high-alumina material 
by the above process very attractive from a manufacturing standpoint. Low-fired 
high-alumina bodies of the do not require kiln furniture or spacers for separation 
and may be stacked directly in contact with one another for firing without 
risking fusing or other firing defects. 

LOW-FffiE HIGH-ALUMINA SPRAY COATINGS 
Low-fired high-alimiina material made by the above process may also be 
applied as a thermal spray material coating via techniques such as subsonic 
plasma coating or high velocity oxygenated fuel (HVOF) means. Thermal spray 
coatings of a low-fired high-alumina material of the present invention provide a 
tough ceramic wear resistant and corrosion resistant coating layer suitable for 
mechanical or electronic applications without sensitivity to the application 
technique. FIG. 4 tabulates some of the properties of low-fired high-alumina 
thermal spray coatings. 

Metal matrix composites containing 
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LOW-FIRED HIGH- ALUMINA MATERIALS 

FIG. 5 presents some properties of metal matrix composite (MMC) 
materials made using the low-fired high-alumina material of the present 
invention (in spherical form) as a reinforcement phase. In this embodiment, the 
metal matrix was aluminum, although any convenient metal matrix may be 
reinforced using the present low-fired high-alumina material. The high 
resistance to dissolution in molten aluminum exhibited by the present low-fired 
high-alumina material allows MMCs made therefi-om to be made by a casting 
process instead of the more expensive cold pressed powder metalliirgical process. 
In addition, MMCs made with the present low-fired high-aliunina material enjoy 
the advantages of enhanced welded joint integrity, an expanded heat treatment 
range and a higher manufacturing throughput. 

In particular, MMCs having the particles of the present low-fired alumina 
suspended in an aluminum matrix may be welded using any common welding 
technique, such as MIG (gas metal arc) or TIG (gas tungsten arc) welding 
techniques, without substantial degradation of the suspended low-fired alumina 
particles. This allows for the production of welded joints enjoying the same 
physical property benefits of the suspended alumina particles as the rest of the 
MMC instead of suffering fi-om weakness and embrittlement. Typically, the 
alumina is present as a particulate secondary phase dispersed in a metallic 
matrix in amounts ranging fi-om about 5 to about 25 weight percent, with the 
amount of dispersed alumina preferably being about 15 weight percent. 
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Another embodiment of the present invention relates to a high-alumina 
material and a method for producing the same. The high-alumina material of 
this embodiment is a dense, substantially non-vitreous alumina formed at 
relatively lower sintering temperatiu-es. The high-alumina material is formed 
from a high-alxmaina blend green powder. The high-alumina blend green powder 
is preferably blended from calcined altunina powder, with additions of about 1-10 
weight percent magnesia (or a magnesia form or standardized to about 1-10 
weight percent magnesia). The magnesia addition may be conveniently achieved 
through the addition of a magnesia former, such as MgCOg, which readily forms 
magnesia upon firing according to the relation: 



MgC03.MgO+ CO, 



Preferably, about 2-6 weight percent magnesia is added to the alumina 
powder to constitute the green powder precursor. More preferably, about 4 
weight percent magnesia mixture is added to the alumina powder to constitute 
the green powder precxirsor. Alternately, the green precursor may be formed as 
a slurry or by any other convenient green ceramic processing technique. The 
precursor powders are preferably mixed by wet ball milling with alumina media, 
although any convenient ceramic powder mixing method may be selected. 

A binder paste, such as CMC, may be added to the green powder 
precursor, depending on the requirements of the pressing and firing parameters 
necessary to produce the desired high aliunina body. 
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A green powder precursor may be produced by drsdng and sieving the 
milled material. The dried green powder may be formed into a green body by 
any convenient ceramic forming technique, such as dryer isostatic pressing. The 
formed green body is then baked to remove excess moisture and any binder paste 
present. The baked green body may then be fired. Preferably, the baked green 
body is fired in air to about cone 13 to achieve full sintering intensification. The 
baking and firing phases may be performed separately, or as part of one 
continuous process. 

If a high-density alimiina powder is required, such a powder may be 
achieved by firing the loose green powder to cone 13, as described above 
regarding green bodies, or, alternately, passing the green particles through a 
high intensity heat source, such as a flame or laser. The alumina powder so 
formed exhibits the properties of resistance to chemical attack over substantially 
the entire pH range (at least from about 0.3 to about 13.5). Rapid passage of the 
green particles through a sufficiently intense hot zone facilitates rapid sintering 
of the alimiina. Additionally, if the green particles are rapidly passed through 
the hot zone under weightless or quasi-weightless conditions (such as 
aspiration), surface tension effects from the molten binder phase will cause the 
heat particles to take on a substantially spherical shape as they sinter. These 
spherical particles, or beads, appear optically transparent or translucent, 
indicating that they may be partially or substantially amorphous in character. 
In other words, the beads formed as discussed above may be somewhat or 
substantially completely vitreous alumina. 
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If a binder phase is required, the three percent (3%) aqueous solution of 
CMC is preferred. In other contemplated embodiments, other convenient organic 
binder solutions may be considered. Likewise, while the preferred concentration 
of CMC is three percent, in aqueous solution, any convenient concentration of 
CMC capable of producing a crushable solid residue may be chosen. 

A high-alumina body formed by sintering the above low-fired alumina 
material is substantially fully dense, is very resistant to chemical attack over 
substantially the entire pH range (at least from about 0.3 to about 13.5), is 
substantially non-vitreous (substantially fi-ee of a secondary glassy phase), has 
substantially uniform and linear thermal expansion coefficients, is optically 
translucent, has high temperattore corrosion resistance, and a substantially 
uniform grain size (see FIGs. 2 and 3). The high alumina material is also 
resistant to dissolution and/or corrosion from prolonged immersion in molten 
aliaminum. 

In still another embodiment of the present invention, the high-alumina 
powder is formed from a particulate or powdered alumina precursor to which 
transition metal ions have been added via aqueous solution. An aqueous 
solution containing a dissolved transition metal, such as from an at least slightly 
soluble metal salt, carbonate, or the like, is prepared with the transition metal in 
sufficient concentration such that washing the alimiina precursor with the 
solution deposits transition metal ions on the surface of the alumina particles in 
predetermined amounts. The alimiina powder precursor is then dried. Upon 
drying, the dissolved transition metal ions become attached (i.e., such as by 
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electrostatic forces) to the surfaces of the alumina particles. The alumina 
particles are then exposed to for a very brief period of time to a high intensity 
heat source (such as aspirating the alumina powder through a high intensity 
flame or laser), reacting the alumina particles with the transition metal ions 
attached to the surface. Because these "doped " particles are brought to reaction 
temperature very quickly the reaction can go to completion, since the ionic 
attachment of the transition metals to each alumina particle thus behaves as a 
single particle reaction. In other words, the reaction takes place with no need for 
close proximity to other particles, as is the case of particle-to-particle or solid 
state reactions. 

The number of ions in solution is the mole fraction multiplied by 
Avagadro's number. The number of particles of an insoluable oxide in an 
aqueous 

solution is determined by concentration, particle size, shape, and surface 
area. Thus, by controlling the above variables (particularly the concentration of 
the metal salt and the particle siarface area), a desired and predetermined small 
amount of transition metal additive may be attached to each of the aluminum 
oxide particles. Fm-ther, this technique may be used to add transition metal 
additives or dopants to other insoluble (or substantially less soluble) particulate 
oxide (or non-oxide) materials. Preferably, the transition metal additives are 
standardized to be additions of about 1 to 10 weight percent of the alumina 
powder precursor. More preferably, the transition metal is magnesium which is 
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still more preferably introduced as an aqueous solution of magnesium carbonate 
dissolved in water. 

EXAMPLE 1 

A 50 per cent aqueous mixture was made of 95 weight percent calcined 
alumina and 5 weight percent magnesium carbonate. The magnesium carbonate 
was allowed to substantially dissolve in the water. The mixture was stirred with 
a high shear mixer. Substantial thickening was observed when the mixture was 
allowed to stand overnight, indicating the presence of magnesiiun hydroxide. 
The mixture was thoroughly dried and the resultant powder was ball milled with 
alumina media to produce a fine powder. The powder was rapidly heated by an 
intense heat source (i.e., aspirated through a gas flame) to form a fired powder. 
The fired powder was characterized as comprising 95 percent spherical particles 
having a mean diameter of 8 microns. 

EXAMPLE 2 

A 50 per cent aqueous mixture was made of 100 weight percent calcined 
alumina. The mixture was stirred with a high shear mixer. The mixture was 
thoroughly dried and the resultant powder was ball milled with alumina media 
to produce a fine powder. The powder was rapidly heated by an intense heat 
source to form a fired powder. The fired powder was characterized as having 
irregularly-shaped particles substantially the same size and shape as 
characteristic of the calcined aliimina precursor. 
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EXAMPLE 3 

A 50 per cent aqueous mixture was made of 95 weight percent calcined 
aliomina and 5 weight percent concentrated chromic acid. The chromic acid was 
allowed to substantially dissolve in the water. The mixture was stirred with a 
high shear mixer. The mixture was thoroughly dried and the resultant powder 
was ball milled with alumina media to produce a fine powder. The powder was 
rapidly heated by an intense heat source (i.e., aspirated through a gas flame) to 
form a fired powder. The fired powder was characterized as comprising 95 
percent spherical particles having a distinctive pink color typical of conventional 
high-fired aluminas doped with chrome oxide. 

While the invention has been illustrated and described in detail in the 
drawings and foregoing description, the same is to be considered as illustrative 
and not restrictive in character, it being understood that only the preferred 
embodiment has been shown and described and that all changes and 
modifications that come within the spirit of the invention are to be desired to be 
protected. 



